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The reaction coordinates of 1,3-H-shifts across double bonds are traced by theory for three
reactions, CH3C(OH)CH2
 (1) 3 CH3C(O
)CH3 (2), CH2C(OH)2
 (3) 3 CH3CO2H
 (4) and
CH3C(OH)CH2
 (1) 3 CH2C(OH)CH3
 (1), to explore how the need to conserve orbital
symmetry influences the pathways for these reactions. In the first and second reactions, prior
to the start of the H-transfer the methylene rotates from being in the skeletal plane to being
bisected by it. Thus these reactions are neither antarafacial nor suprafacial, but precisely
between those possibilities. This stems from a counterbalancing between the need to conserve
orbital symmetry and the large distorting forces required to attain an allowed antarafacial
transition state. In contrast to the first two reactions, 1 3 1 follows a suprafacial pathway.
However, this pathway does not violate conservation of orbital symmetry, as it utilizes lower
lying orbitals of appropriate symmetry rather than the antisymmetric uppermost occupied
allyl-type orbital. Changes in geometry which presumably produce asymmetric vibrational
excitation and the unequal losses of methyl that follow 1 3 2, i.e., nonergodic behavior, are
also characterized. (J Am Soc Mass Spectrom 2004, 15, 972–981) © 2004 American Society for
Mass SpectrometryIn their classic review of the role of the conservationof orbital symmetry in chemical reactions, Wood-ward and Hoffmann concluded that suprafacial
1,3-H-shifts across double bonds are unlikely to occur
because such reactions would not conserve orbital sym-
metry [1]. They also predicted that antarafacial 1,3-H-
shifts would be suppressed by the high energy required
to form transition states containing small, twisted rings.
Nonetheless 1,3-H-shifts do occur [2–17], or would were
it not for competition from lower energy processes
[18–23]. Theoretical studies conducted since the work
of Woodward and Hoffmann show that 1,3-H-shifts
across -bonds can be antarafacial [19, 20, 22], suprafa-
cial [22], or at the boundary between the two such that
they are neither antarafacial nor suprafacial [22], a
surprising diversity of trajectories.
CH2CHOH
 3 CH3CHO
 would have an in-be-
tween transition state, should that reaction occur [22].
Interestingly, the first evidence for such an in between
pathway was obtained by applying semi-empirical the-
ory [14] to a reaction, degenerate isomerization of the
acetone enolate, which instead has an antarafacial tran-
sition state according to a later ab initio study [23]. The
1,3-H-shift CH3C(OH)CH2
 (1) 3 CH3C(O
)CH3 (2)
(Scheme 1) has been characterized by experiment [2, 3,
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theories, and by trajectory analysis [17]. Atoms in 1 are
labeled throughout this contribution as indicated in the
following formula.
Although 13 2 appears symmetry forbidden [8, 10]
because the highest (singly) occupied orbital should be
antisymmetric with respect to the skeletal plane in 1
and symmetric in 2, the atomic trajectories and molec-
ular orbitals utilized during that reaction have not been
considered in relation to the need to preserve orbital
symmetry. Therefore to explore further the origin of the
variety of transition states that mediate 1,3-H-shifts and
their relationships to conservation of orbital symmetry,
we used theory to characterize the isomerizations of 1
and CH2C(OH)2
 (3) (Scheme 2) [4, 11] to their carbonyl
isomers and the nearly degenerate 1,3-H-shift between
the terminal carbons of 1 [3]. The enol 3 keto conver-
sions actually occur but the keto3 enol conversions do
not because the reverse rearrangements are not compet-
itive with CC dissociation. This work has its origins in
the McLafferty group [2, 3, 10], so we offer it in honor ofr Inc. Received December 30, 2003
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metry and the American Society for Mass Spectrometry,
and to his still amazing productivity in his 80th year.
The course of 13 2 is of special interest because the
newly formed methyl is lost 1.4 times more often than
the pre-existing one, i.e., isomerization is followed by
non-ergodic dissociation [2, 3, 5–10, 12, 13, 17]. These
dynamics arise in a substantially deeper well than in
other systems known to display such behavior, enhanc-
ing the significance of 1 3 2 [17]. Excitation of CCO
bond bending by the isomerization appears to play a
role in nonergodic dissociation following 13 2 [13, 17],
but one-sided excitation of other motions may also
contribute. Thus we also characterize changes in geom-
etry during 1 3 2 to increase insight into how these
motions may contribute to the unequal losses of methyl.
Results and Discussion
In the following, we will consider a reaction to be
antarafacial if in the vicinity of the transition state the
migrating H crosses the skeletal plane, suprafacial if the
migrating H remains on the same side of that plane
throughout the reaction and in between if it remains in
the plane throughout the reaction. A reaction will be
considered allowed if in the H-transfer orbital lobes of
the same phase overlap and forbidden if lobes of
opposite phase interact, as illustrated in Figure 1.
Energies obtained by theory for pertinent stationary
points on the C3H6O
 potential surface are given in
Table 1. The energies obtained for the transition state
for 13 2, 178–201 kJ mol1 above fH(1), are all higher
than the 165 kJ mol1 {(MP3/6-31G(d,p) theory} of
Schwarz, Lifshitz and coworkers [12], and higher still
than the B3LYP/cc-pVTZ energy of Numella and Car-
penter [17], 143 kJ mol1 when corrected by our zero
point energies. Experimental values range from 193 kJ
mol1 to 253 kJ mol1 [5, 7, 9, 24]. The UHF wave
functions of the transition states obtained by QCISD/6-
31G(d,p) theories have high s2 values in both the
Scheme 16-31G(d,p) and 6-311G(d,p) basis sets (see Theory),
indicating substantial spin contamination. However
this did not dramatically affect the energies obtained, as
projecting out spin contamination did not substantially
affect those energies (Tables 1 and 2). The lower thresh-
old usually obtained by theory than by experiment
supports experimental evidence for a significant kinetic
shift in 1 3 2 [13]. A kinetic shift is an increase in the
measured threshold for a fragmentation in a mass
spectrometer relative to the actual threshold; it is
caused by the reaction being too slow at its true
threshold to give measurable products.
Geometries of 1, 2, and TS(132) obtained by
QCISD/6-31G(d,p) theory are given in Figure 2, and the
changes in dihedral angles involving Ht and the meth-
ylene hydrogens over the course of the reaction are
plotted as a function of OH distance in Figure 3. The
OH distance was selected as the independent variable
because it reflects the course of the reaction as Ht moves
from O to C. All of the atoms of 1 except two of the
methyl hydrogens are in the same plane, and the latter
are symmetrically located on opposite sides of that
plane (121.5°). The geometry of 2 has C2 symmetry
with the methyls rotated about 3° in opposite directions
from the skeletal plane. The CH bonds near the skeletal
plane both point in the same direction as the oxygen in
2 (Figure 2c). In TS (13 2), the spectator methyl is also
bisected by the skeletal plane, with Ht in the skeletal
plane. Ht stays within 0.6° of the skeletal plane through-
out the isomerization, and does not leave that plane
after RO-Ht has increased more than 0.01 Å from its
values in 1 (Figure 3a). According to intrinsic reaction
coordinate (IRC) tracing (Figure 3), starting from 1 the
methylene rotates 90° from being in the skeletal plane to
Scheme 2
Figure 1. Transition states for suprafacial and antarafacial 1,3-H-
shifts across a -bond. In the surprafacial case, the phase of the
lobe on the carbon being departed differs from the phase on the
destination carbon, making the reaction forbidden. In the antarafa-
cial pathway, the phases of the involved lobes are of the same sign,
a symmetry which allows the reaction. The solid angled lines
represent the  CC bonds in the skeletal plane.
.6, 1
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in the OH bond length (Figure 3b).
Thus, as in the interconversion of the acetaldehyde
radical cation and its enol [22], rotation and H-transfer
are separate stages in 1 3 2, that is, rotation precedes
H-transfer. The energy needed to reach the transition
state from 1 is roughly equally divided between that
required to rotate CH2 (106 kJ mol
1 to reach symmetry
at HCCO   96.6° in the IRC calculations) and that it
then takes to transfer the hydrogen to reach the transi-
tion state (an additional 88 kJ mol1).
Previous workers suggested that distortion of the
CCO bonds immediately following 13 2 contributes to
the unequal losses of the methyls [13, 17]. The geometry
of TS(1 3 2) relative to that of 2 potentially provides
further insight into the origin of the methyl loss pattern,
so bond lengths and angles at those stationary points
are compared in Table 3. The C3C2O angle, that is, the
angle involving the pre-existing methyl, changes from
125.4° to 119.0°, so distortion of this angle may contrib-
ute to the unequal losses of methyl. However, the
C1C2O angle changes much more substantially (by
21.2°) in the course of 13 2, suggesting that this makes
a greater contribution to the preferential loss of the
Table 1. Ab initio energies for pertinent stationary point on the
B3LYP/6-31G(d)a QCISD/6-31G(d,p)b
CH3C(OH)CH2
 (1) 192.820301 192.282263
CH2C(OH)CH3
 (1)c 192.822543 192.284198
TS(1 3 2) 192.746462 192.201623
CH3C(O
)CH3 (2) 192.811279 192.269802
TS(1 3 1) 192.731516 192.191126
CH3C(OH)CH2
 (1) 0 0
CH2C(OH)CH3
 (1)c 5.3 5.7
TS(1 3 2) 178 195
CH3C(O
)CH3 (2) 19 28
TS(1 3 1) 218 224
Energies in the upper portion of the table are in hartrees, and those in
aEnergy calculated for a B3LYP/6-31G(d) geometry.
bEnergy calculated for a QCISD/6-31g(d,p) geometry.
c1 and 1 are geometric isomers. Zero point energies (kJ mol1): 1 215
Table 2. Ab initio energies for pertinent stationary point on the
B3LYP/6-31G(d)a QCISD/6-31G(d,p)b
CH2C(OH)2
 (3)c 228.730800 228.136859
TS(3 3 4a)d 228.654181 228.052250
TS(3 3 4b)e 228.650100 228.048067
CH3CO2H
 (4a)d 228.704971 228.107132
CH3CO2H
 (4b)e 228.701183 228.103862
CH2C(OH)2
 (3)c 0 0
TS(3 3 4a)d 186 207
TS(3 3 4b)e 197 218
CH3CO2H
 (4a)b 64 74
CH3CO2H
 (4b)e 75 84
Energies in the upper portion of the table are in hartrees, and those in
aEnergy calculated for a B3LYP/6-31G(d) geometry.
bEnergy calculated for a QCISD/6-31g(d,p) geometry.
cThe OH bonds point in opposite directions (see Fig. 3a).
dThe spectator H on O points in the same direction as the other O (see
eOH points in the other O (see Fig. 3c). Zero point energies (kJ mol1)newly formed methyl. The HCC bond angles involving
the methylene hydrogens change considerably between
1 and 2, although changes in the lengths of the associ-
ated CH bonds are small. RC2C3 increases only 0.016 Å
more than does RC1C2 between the transition state and
2, a difference unlikely to contribute significantly to the
asymmetry of the energy distribution in newly formed
2. Bond lengths in the pre-existing methyl change little,
and the HCC bond angles in that methyl change sub-
stantially less than those in the conversion of methylene
to methyl. Thus, as would be expected, distortions, and
therefore probably immediate energy deposition, in the
newly formed methyl are substantially greater than in
the pre-existing methyl following 13 2, consistent with
this deposition causing preferential loss of the newly
created methyl. However, differences occurring in Ta-
ble 3 are for a minimum energy pathway; energized
species have different trajectories [17], likely akin to
those that would directly connect the geometries in
Table 3.
To relate molecular orbital utilization to the need to
conserve orbital symmetry, population analysis was
used to obtain the coefficients at each atom of the
atomic orbitals used to generate the molecular orbitals.
6O
 potential surface
SD(T)/6-311G(d,p)b PMP3/6-31G(d,p)b PMP3/6-311G(d,p)b
192.374322 192.271585 192.342766
192.376137
192.299183 192.188945 192.261710
192.363749 192.254542 192.327267
192.290385 192.184137 192.260278
0 0 0
5.4
181 201 196
23 40 36
205 214 201
ower part are in kJ mol1.
216.2, TS(1 3 2) 199.3, 2 211.2, TS(1 3 1) 200.0.
4O2
 potential surface
D(T)/6-311G(d,p)b PMP3/6-31G(d,p) PMP3/6-311G(d,p)b
228.255641 228.125016 228.221818
228.177107 228.038505 228.137331
228.173196 228.034350 228.133498
228.225919 228.093179 228.190245
228.222900 228.090885 228.188408
0 0 0
191 200 207
202 211 217
74 68 79
83 75 85
ower part are in kJ mol1.
3b); these are the species occurring in the pathway considered.
.7, TS(3 3 4a) 142.6, TS(3 3 4b) 142.9, 4a 153.9, 4b 154.9.C3H
QCI
the lC2H
QCIS
the l
Fig.
3 157
975J Am Soc Mass Spectrom 2004, 15, 972–981 CIRCUMVENTION OF ORBITAL SYMMETRY RESTRAINTSFour orbitals were found to participate significantly in
bonding in the transition state:  13,  13,  15, and  16,
the last two being the highest occupied  and  orbitals
respectively. In these calculations, each electron is
treated as occupying its own spin orbital, hence elec-
trons of a pair are in orbitals designated  and  with
the same number specifying their energy level starting
with the lowest lying level designated as 1. Phase and
electron density at pertinent atoms at the transition
Figure 2. Geometries of CH3C(OH)CH2
 (1) (a), CH3C(O)CH3

(2) (c), and TS(13 2) (b) at the QCISD/6-31G(d,p) level of theory.state for 1 3 2, as obtained by the population analysis,
are given in Table 4. Degree of bonding can be assessed
by inspection of the values in the table. Allowance must
be made for the y components being most important in
HtO bonding as Ht is predominantly in the y direction
from O. Similarly, x components dominate the HtC
interaction. Based on this, orbitals  13 and  13 are
bonding in both the HtO and the HtC bonds,  15 is
strongly bonding in HtO and antibonding in HtC
(weakly because the large coefficients are for y compo-
nents), and  16 is strongly bonding in HtC but strongly
antibonding in HtO. To objectively classify the bonding
to Ht, the x and y components on C and O were
multiplied by the S components on Ht and the results
for the x and y components separately summed. For
HtC, these sums were 0.33 and 0.14 for the x and y
components, respectively, and for the HtO interactions
0.01 and 0.08. Thus in the transition state the HtC
bond is strong and the HtO bond is weak, but both
interactions are bonding. The overlap populations sep-
arately provided by these calculations, 0.37 and 0.19,
respectively, demonstrate significant bonding between
Ht and both carbon and oxygen at this transition state.
There were no orbitals resembling an allyl -orbital in
TS(1 3 2), supporting the disappearance of -bonding
upon rotation of CH2 in this transition state.
3 3 4
We also characterized 3 3 4 to define further the
prevalence of 1,3-H-shifts in CHRC(OH)R species (R
 H, an alkyl, OH, etc.) by methylene rotation–H-
transfer. Energies for the relevant stationary points on
the C2H4O2
 potential surface are given in Table 2, and
the geometries at those points are given in Figure 4. The
structures of 3 and 4 are unexceptional, both being
planar except two of the methyl hydrogens of the latter
are outside of and symmetrical to the skeletal plane.
Based on OH orientations, 3 can have three possible
geometric isomers, although H-transfer to CH2 requires
an OH to be oriented toward that CH2. However, past
experience indicates that the most stable protonated
carboxyl configurations have the OH’s pointed in op-
posite directions, as illustrated in Figure 4a (Hudson
and McAdoo, unpublished). TS(3 3 4) and 4 can have
the non-reacting OH oriented toward or away from the
methyl. The energies for both possible transition states
are given in Table 2, although only the transition state
with the stationary H away from the developing methyl
(Figure 4b) is directly accessible from the ground state
geometry considered. Energies for both isomers of 4 are
also given, although only 4a (Figure 4c) would form by
the pathway considered. As in TS(13 2), high s2 values
were obtained for QCISD results (see Theory). How-
ever, projecting these out did not substantially alter the
transition state energies obtained (Table 2). The critical
energy for 3 3 4a, 186–210 kJ mol1, is similar to the
178–201 kJ mol1 obtained for 1 3 2 at corresponding
levels of theory.
ond
976 HUDSON AND MCADOO J Am Soc Mass Spectrom 2004, 15, 972–981In the IRC for 33 4, Ht starts in the CCO plane and
deviates maximally from it by 3.0° (CCOHt dihedral
angle) over the course of the reaction. Ht moves in and
out of the plane before it starts to transfer (Figure 5a).
Thus this excursion is irrelevant to the classification of
the reaction as antarafacial or suprafacial. The two
methylene hydrogens are in the skeletal plane of 3
Figure 3. Changes as a function of OH distan
HC1C2O dihedral angle for the methylene hyd
plots were obtained by IRC calculations. Note th
left of the breaks in them. Ht remains in the
methylene rotates from its hydrogens being in th
during a change of less than 0.01 Å in the OH b(HCCO dihedral angles of 0.00 and 180.0°) and turn to
120.3° and120.3° from the CCO plane in the methyl in
4 (Figure 5b). Starting from 3, the methylene hydrogens
become symmetric to the plane (91.1° and –91.1°) as the
OH distance increases from only 0.9784 Å to 0.9814 Å,
that is, well before the transition state (OH distance 
1.326 Å) is attained. Thus this 1,3-H-shift also twists the
(a) the HtOC2C1 dihedral angle and (b) in the
s during the course of 1 3 2. The data for the
e scale of the X-axes is greatly expanded to the
etal plane throughout the reaction, while the
ne to being symmetrically bisected by the plane
length.ce in
rogen
at th
skel
e pla
and TS (3 3 4) (b) at the QCISD/6-31G(d,p) level of theory.
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skeletal plane before starting to transfer Ht in the
skeletal plane. Since this occurs in all keto-enol isomer-
izations examined to date (present results and reference
[22]), it appears to be general for such isomerizations.
Ions and corresponding neutrals can differ in the
trajectories of their 1,3-H-shifts, as the 1,3-H-shift that
would convert vinyl alcohol to acetaldehyde proceeds
suprafacially without methylene being twisted to any-
where near 90° while in the ion the methylene is twisted
until it is bisected by the skeletal plane [22]. Presumably
the removal of one electron from the -systems in the
radical cations lowers the energy required to rotate the
methylene, while the higher energy required for this
rotation in CH2™CHOH [22] probably forces
CH2¢CHOH 3 CH3CHO to be suprafacial.
1 3 1
To extend our knowledge of the reaction coordinates for
1,3-H-shifts, we also characterized the degenerate
isomerization 1 3 1, another known 1,3-H-shift [3].
Table 3. QCISD/6-31G(d,p) geometries for TS(1 3 2) and
CH3C(O
)CH3
Parameter Transition state CH3C(O
)CH3
Bond lengths (in Å)
ROHt 1.315 2.506
RCHt 1.389 1.085
RC1C2 1.477 1.522
RC2C3 1.468 1.522
RCH11 1.087 1.091
RCH12 1.087 1.090
RCH31 1.087 1.030
RCH32 1.093 1.085
Bond angles (in degrees)
CCC 136.8 122.0
C1C2O 97.8 119.0
C3C2O 125.4 119.0
CCHt 76.0 111.0
H11CC 117.8 106.4
H12CC 117.8 106.7
H31CC 111.0 106.8
H32CC 108.4 111.0
RCH33 1.093 1.091
H33CC 108.4 106.4
Table 4. Molecular orbital coefficients in the transition state for
Orbital H1S H2S O2Px O2Py
Alpha 13 0.14 0.12 0.01 0.21
Beta 13 0.13 0.11 0.05 0.20
Beta 15 0.18 0.16 0.23 0.18
Alpha 16 0.14 0.14 0.23 0.39
Analyses were performed with B3LYP/6-31G(d) theory. Tabulated va
component to the overall orbital. Like signs of values on atoms reflect b
the x and y components on oxygen in the program output have been re
in negative x and y directions from the oxygen. Numbers preceding S a
numbering scheme utilized throughout this work.CH3C(OH)CH2
 3 CH3C(O)CH3

Components
O3Px O3Py C2Px C2Py C3Px C3Py
0.01 0.13 0.08 0.14 0.06 0.06
0.01 0.13 0.09 0.03 0.06 0.01
0.16 0.13 0.02 0.31 0.03 0.16
0.15 0.28 0.47 0.13 0.35 0.08
lues reflect the coefficients representing the contribution of the indicated
onding interactions and unlike signs anti-bonding interactions. The signs of
versed to take into account the location of the other atoms being considered
nd P are levels of the component orbital. The carbon is C1 according to theFigure 4. Geometries of CH2C(OH)2
 (3) (a), CH3CO2H
 (4) (c),
978 HUDSON AND MCADOO J Am Soc Mass Spectrom 2004, 15, 972–981The energy of this transition state, 201–224 kJ mol1
(Table 1), is slightly higher than that for 1 3 2. The
geometry of TS(1 3 1) is given in Figure 6. At the
transition state, Ht is above the skeletal plane and
essentially equidistant (1.5726 Å and 1.5776 Å) between
C1 and C3. At that point, Ht is closer to the middle
(1.3361 Å) than to the terminal carbons in TS(1 3 1),
Figure 5. IRC changes in the CCOHt dihedra
methylene hydrogens (H11 and H12) as a functi
that the X axis is expanded nearly 200fold in the
brief 3 degree excursion during the first 0.0035 Å
plane throughout the reaction.indicating bonding between Ht and C2. TS(1 3 1) is
close to Cs symmetry, the CH2 groups being nearly in
the same plane, a plane which is rotated 20°–23.5° from
the skeletal plane. IRC tracing (Figure 7a) yielded the
very surprising observation that Ht stays on the same
side of the skeletal plane throughout 1 3 1, i.e., this is
clearly a suprafacial 1,3-shift, in contrast to the two
le (a) and HCCO dihedral angles (b) for the
f OH distance during the course of 3 3 4. Note
ortion of the figures, and that except for a very
e extension of ROHt, Ht remains in the skeletall ang
on o
left p
of th
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above the plane from the methyl to the methylene with
the incipient methylene flattening as it forms while the
developing methyl assumes a tetrahedral geometry.
The methyl existing at the beginning and end of H
transfer rotates about 15° near those endpoints to leave
or attain the equilibrium geometry of 1 (Figure 7b). The
energies of the starting and ending points differ because
the structure at one point is a geometric isomer of that
at the other.
We characterized the molecular orbitals involved in
13 1 to assess the possibility that this reaction violates
conservation of orbital symmetry. Atomic orbital coef-
ficients generated for the molecular orbitals by popula-
tion analysis and signs of the phases of their interac-
tions with those at Ht are given in Table 5. This analysis
revealed that, as would be expected for an allylic
system, the highest (singly) occupied MO (orbital 16) in
TS(1 3 1) has its positive lobe on the first carbon and
its negative lobe on the third carbon pointing in the
same direction from the CCC plane. Therefore, if su-
prafacial H-transfer utilizes primarily the highest singly
occupied molecular orbital, H transfer would involve
lobes of opposite phase, violating conservation of or-
bital symmetry. However, such a violation does not
occur because H transfer essentially does not involve
those lobes as there is very little density on Ht in this
orbital; thus the transfer avoids utilizing orbital 16 in
which H transfer would utilize lobes on the carbons of
opposite phase. Instead the H-transfer uses lower lying
orbitals (orbitals 9  and , 11  and , and 15  and ,
numbered in order of increasing energy) and interacts
significantly with the middle carbon to accomplish a
suprafacial 1,3-shift without violating orbital symmetry.
Based on phase relationships, orbitals 9  and  con-
tribute substantially to bonding between Ht and all
Figure 6. Transition state geometry from QCISD/6-31G(d,p)
theory for the degenerate interconversion of CH3C(OH)CH2
 with
itself. In this picture, Ht is above the skeletal plane and equidistant
between C1 and C3.three carbons; orbital 11 contributes slightly to net
bonding between Ht and C1 and Ht and C3, and
substantially to bonding between Ht and C2.  and 
orbitals 15 contribute significantly to bonding between
Ht and both C1 and C3 and little or nothing to bonding
between Ht and C2. Use of lower lying orbitals with
appropriate phase relationships is thus another way
that symmetry constraints on 1,3-H-shifts across
-bonds are circumvented. Use of a subjacent allyl type
orbital to avoid orbital symmetry constraints on use of
frontier orbitals was first proposed about 30 years ago
[25–28], and it has been suggested that involvement of
subjacent orbitals may be particularly important in the
chemistry of radical cations [29].
Figure 7. IRC tracing of the HtC3C2O dihedral angle (a) and the
HCCO dihedral angles (b) for the two hydrogens that change from
being methyl to being methylene hydrogens during the course of
13 1. Note that Ht starts, stays and ends above the skeletal plane
during the reaction. Methyl and methylene hydrogens revolve
only to the degree necessary to change their positions in one of
those groups to their positions in the other during the course of
the reaction.
980 HUDSON AND MCADOO J Am Soc Mass Spectrom 2004, 15, 972–981Whether conservation of orbital symmetry is impor-
tant in the chemistry of open shell species is sometimes
questioned. A number of 1,3-H-shifts in radical cations
have now been characterized by theory, and all of those
circumvent pathways that violate conservation of or-
bital symmetry [19, 20, 22]. Some of those expend
substantial energy to take symmetry-allowed pathways
through antarafacial transition states [19], some have
transition states at the boundary between being ant-
arafacial and suprafacial (present results), and some
utilize subjacent orbitals to take suprafacial pathways
(present results). Thus, as in closed shell species, these
reactions do not violate conservation of orbital symme-
try. Therefore, orbital symmetry is usually conserved in
the reactions of both open and closed shell species.
Theory
All calculations were performed by unrestricted theo-
ries using the Gaussian 98W package of programs [30].
Geometries were obtained by B3LYP/6-31G(d) hybrid
functional and QCISD/6-31G(d,p) ab initio theories.
B3LYP/6-31G(d), QCISD/6-31G(d,p), and QCISD(T)/6-
311G(d,p) theories were used to obtain energies for
stationary points. Zero point energies were obtained by
multiplying B3LYP/6-31G(d) frequencies by the scaling
factor 0.9806 [31]. Transition states were all character-
ized by having only one imaginary frequency. S2 values
were very close to 0.75 for ground states and B3LYP
transition states, but in the vicinity of 0.81 for QCISD
results (UHF theory) for TS(1 3 2) and TS(3 3 4) and
0.86 for TS(1 3 1). Projecting out the contributions of
states s  1 to s  4 with PMP3 calculations gave s2
values of 0.7500 for all stationary points at their
QCISD/6-31G(d,p) geometries. This raised the energy
of 2 and most of the transition states by 10–20 kJ mol1
(Tables 1 and 2). A multi-configuration treatment was
necessary for characterizing the 1,3-H-shift in propene
[32]. To determine whether such theory is required to
obtain reliable results for the 1,3-H-shifts characterized
here, we characterized TS(1 3 2) and TS(1 3 1) by
complete active space {5,5/6-31G(d) theory} and com-
pared the geometries obtained to those obtained by
UHF/6-31G(d) theory. Deviations between values in
Table 5. Molecular orbital coefficients in the transition state for
Orbital H1S H2S C12Px C12Py C12P
Alpha 9 0.14 0.06 0.24 0.12 0.0
Beta 9 0.14 0.07 0.23 0.13 0.0
Alpha 11 0.13 0.11 0.17 0.08 0.1
Beta 11 0.13 0.11 0.17 0.07 0.1
Alpha 15 0.16 0.20 0.01 0.05 0.2
Beta 15 0.21 0.27 0.03 0.06 0.1
Alpha 16 0.01 0.02 0.08 0.06 0.4
Values and interactions are as described in the footnote to Table 4. Num
this work.the Z-matrices for TS(1 3 1) from the two theories
were 0.0012 0.008 Å, 0.19 0.4 degrees and 0.33 1.0
degrees for bond lengths, bond angles and dihedral
angles respectively ( s.d.). We did not obtain relative
energies by the complete active space approach because
optimization of 1 failed at this level of theory. Nonethe-
less, the close similarities of the geometries obtained by
the two levels of theory indicate that multi-configura-
tion methods are not needed to adequately characterize
the reaction coordinates studied here. Reaction trajecto-
ries were characterized by intrinsic reaction coordinate
(IRC) methods [33, 34] utilizing B3LYP/6-31G(d) the-
ory. Interactions between atoms were classified as
bonding or antibonding based on atomic orbital coeffi-
cients obtained by population analysis, also using
B3LYP/6-31G(d) theory. Overlapping phases with like
signs on adjacent atoms were taken as indicating bond-
ing, and interacting phases of opposite signs were taken
to reflect antibonding.
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